Background: Displaced lateral malleolar fractures are often treated with reduction and surgical stabilization. However, there has not been a comprehensive laboratory comparison to determine the most appropriate device for treating these patients. This study subjected a range of contemporary lateral fibular plates to a series of mechanical tests designed to reveal performance differences. Methods: Forty fresh frozen lower extremities were divided into 4 groups. A Weber B distal fibula fracture was simulated with an osteotomy and stabilized using 1 of 4 plate systems: a standard Synthes one-third tubular plate with interfragmentary lag screw, a Synthes LCP locking plate with lag screw, an Orthohelix MaxLock Extreme low-profile locking plate with lag screw, or a TriMed Sidewinder nonlocking plate. Controlled monotonic bending and cyclic torsional loading were applied and bending stiffness, torsional stiffness, and fracture site motion were quantified. Resistance to cyclic torsional loading was determined by quantifying the number of loads withstood before excessive rotation occurred. Correlation between bone mineral density and each of the mechanical measures was determined. Results: There was no difference in angulation or bending stiffness between plates. All plates except the LCP showed greater lateral deflection than in the other bending directions. Bending stiffness was lowest in lateral distal fragment deflection for all 4 plates. There was a positive correlation between bone mineral density and bending stiffness for all plate types. There was no difference in fracture site rotation between plate types in internal or external torsion, but internal rotation of the distal fragment consistently exceeded external rotation. Torsional stiffness in external rotation exceeded stiffness in internal rotation in nearly all specimens. LCP plates performed relatively poorly under cyclic torsion. Conclusions: Significant differences in plate performance were not demonstrated. The effects of bone quality variability and differences in interfragmentary screw purchase resulted in data dispersion that confounded absolute ranking of plate performance. Clinical Relevance: Identification of an optimal lateral fibular plating system has the potential to improve the clinical outcome of malleolar fracture fixation, particularly when patient conditions are unfavorable.
Background
It is generally agreed that displaced lateral malleolar fractures have improved outcomes with anatomic reduction and surgical stabilization. 7, 8, 10, 12 However, controversy still exists regarding the best fixation method for these fractures. Posterior plating, which allows for bicortical distal fragment fixation without the risk of intra-articular penetration, has been shown to be biomechanically superior to lateral plating, especially in osteoporotic bone. 11, 13 However, there have been no reported differences in functional outcome, wound complications, or incidence of hardware removal compared to lateral plating. Furthermore, peroneal tendon irritation has been reported to be as high as 30% with posterior plating, leading many to abandon this technique in favor of lateral plating. 8, 11 Lag screw-only techniques have been proposed in an attempt to minimize soft tissue irritation and hardware prominence. However, this technique has a very narrow set of indications, significantly limiting the utility of this method. 9, 15 Lateral plating, with or without an interfragmentary lag screw, is the most commonly used and technically easiest method of fixation. Nonetheless, there are disadvantages associated with lateral plating, primarily related to the difficulty of achieving adequate screw thread purchase in the cancellous bone of the distal fragment. This problem is particularly common in elderly, osteoporotic patients. While bicortical fixation has been shown to have over 3 times the pull-out strength of unicortical fixation, 9 in the distal fragment bicortical purchase can result in intra-articular penetration of the screws. A cadaveric study by Milner et al 10 demonstrated the ability to place bicortical screw fixation in the distal fibula without violating the joint. This technique, however, may be difficult to duplicate clinically, as it would be more technically demanding and would rely heavily on adequate fluoroscopic imaging to ensure no intra-articular screw penetration. Furthermore, because of the subcutaneous location of the fibula, lateral hardware is often palpable and can be a source of pain and irritation, leading to its removal as often as 66% of the time. 15 Locking plates are becoming increasingly popular, particularly in the osteoporotic patient where bone quality can make it problematic to achieve fixation with a conventional, nonlocking plate. 2 In a cadaveric model, a locking plate with 2 distal fibula locking screws was mechanically equivalent to a nonlocking plate with 3 distal cancellous screws. 6 More recently, novel fixation devices have utilized plate features that eliminate the need for an interfragmentary screw and thus require less periosteal stripping of the fibula, have decreased operating room costs, and have a quicker time to union when compared to traditional plating systems. 3 For the aforementioned reasons, lateral plating remains the most commonly used fixation technique, although the biomechanical characteristics of the various plate designs and screw constructs have not been fully elucidated. Given the number of implants available on the market and the unique features of the different devices, it can be difficult for a surgeon to know when to use certain plates. Unfortunately, there has not been a comprehensive laboratory comparison of contemporary distal fibular fracture fixation systems. To address this, the present study was designed to compare 4 lateral fibular plates with widely varying designs and types of attaching screws. The plates were applied to standardized simulated fractures and subjected to a battery of mechanical tests to define performance characteristics and differences. We hypothesized that the unique design features of each of the respective plating systems would result in quantifiable differences in fixation stiffness. Secondarily, it was hypothesized that the testing would identify specific bending and torsional challenges to which the tested plates offered relatively poor resistance, warranting consideration in future plate design.
Methods

Specimen Preparation
Forty fresh frozen lower extremities were divided into 4 groups of 10. Twenty of the specimens were from female donors and 20 were from males. Dual energy x-ray absorptiometry (DEXA) bone mineral density measurements were obtained from the posterior calcaneus of each specimen using a Lunar PIXImus small animal densitometer (Lunar Corporation, Madison, WI). Within each experimental group, each of the 10 specimens was from a different donor. The mean specimen donor age was 59 years (range, 23-70). A Weber B transsyndesmotic fracture was simulated by a standardized oblique osteotomy created with an oscillating saw with the fibula in situ. The obliquity was standardized at 45 degrees using a jig to guide the saw blade. Plates were applied according to group assignment using the techniques and instrumentation recommended by the respective manufacturers, as follows: Group 1 (n = 10): Synthes 2.7-mm/3.5-mm 4-hole LCP Lateral Distal Fibula Plate (Synthes USA, Monument, CO) ( Figure 1 ). Three 3.5-mm locking cortical screws were placed in the fibular shaft and three 2.7-mm locking cortical screws were placed in the distal fragment. The fixation was augmented by placing a 3.5mm cortical interfragmentary screw perpendicular to the plane of the simulated fracture. fibula shaft and three 3.8-mm cancellous screws in the distal fragment, and the side tabs were crimped to enhance compression. No interfragmentary screw was indicated with this device. Group 4 (n = 10): Synthes 7-hole one-third semitubular plate (Synthes USA, Monument, CO) ( Figure 4 ). The plate was secured using three 3.5-mm cortical screws in the fibular shaft and three 4.0-mm cancellous screws in the distal fragment. An augmenting 3.5-mm cortical interfragmentary screw was placed perpendicular to the fracture line.
Each distal fibula was sectioned 5 cm superior to the proximal end of the plate and excised. The shaft was cleaned of soft tissue and degreased with acetone, and 6 No. 4 sheet metal screws were inserted into the shaft. The shaft and protruding screws were immersed in polymethylmethacrylate dental cement (Fastray, Harry J. Bosworth Co, Skokie, IL) in a 23-mm-diameter stainless steel cylinder to a point 5 mm from the superior tip of the plate. After curing of the cement, 6 No. 6 self-tapping sheet metal screws were inserted retrograde into the distal fragment such that their shanks and heads protruded distally. The projecting screws were immersed in dental cement in a 35-mm-diameter aluminum cup to a point 5 mm from the inferior tip of the plate while aligning the previously embedded fibular shaft coaxially with the cup, and the cement was allowed to cure.
Bending Test Methods
Bending stiffness tests of the plated constructs were performed on an Instron Model 1321 servohydraulic materials testing machine ( Figure 5 ). The cup in which the distal fragment was rigidly embedded was attached to a vertical plate such that the fibula was horizontal. The embedded fibular shaft was clamped in a cup fitted with a stainless steel lever arm projecting from its base. The lever arm was connected to the load cell and actuator of the testing machine with a linkage incorporating a spherical rod-end bearing at each end. The linkage was positioned on the lever arm at a point 150 mm from the center of the simulated fibular fracture. In order to precisely measure the angle of the fibular shaft relative to the immobile distal fragment during the ensuing testing, an electronic clinometer (Schaevitz AccuStar, Measurement Specialties, Hampton, VA) was attached to the lever arm.
Each specimen was subjected to bending in 4 directions: anterior-to-posterior, posterior-to-anterior, medial-to-lateral, and lateral-to-medial, in that order. The bending directions were defined as motion of the distal fragment relative to the shaft. For each test, displacement was applied to the lever arm at a rate of 1 mm/second until a load of 10 N was reached, producing a peak bending moment of 1.5 Nm, at which point the actuator reversed and returned to its initial position. The applied bending moment was based on preliminary tests of several specimens to determine the moment necessary to challenge the fixation to a degree that elicited performance differences but did not cause apparent damage to the fixation. The fracture fixation screws were checked to confirm tightness between tests and snugged if necessary. Each test was performed twice, and load and angulation data were recorded on the second load using LabVIEW (National Instruments, Austin, TX) at a sampling rate of 250 Hz. Each test was analyzed by creating a bending moment-angulation graph and calculating the bending stiffness over the portion of the graph's curve between 1 Nm and 1.5 Nm of bending moment. The fracture site angulation at the peak bending moment was also documented.
Torsion Test Methods
Torsion testing was performed after completion of the bending tests. Each specimen was attached to a custom-built rotary actuator mounted on the table of the materials testing machine and deriving its motion from the linear actuator of the testing machine ( Figure 6 ). The cup containing the embedded fibular shaft was connected to a double universal joint, which was in turn connected to an electronic reaction torque cell (Model TQ301, Omegadyne, Inc, Sunbury, OH). The double universal joint ensured that the axis of fracture site rotation was not constrained during the tests. To further minimize constraints, the torque cell was mounted on a linear bearing carriage that allowed for changes in length of the plated constructs during rotation.
Rotation of the distal fragment was measured by a rotary variable differential transformer (RVDT) (Model R30D, Lucas Control Systems, Hampton, VA) incorporated into the actuator. To allow more precise quantification of motion specifically at the fracture site, a clinometer was attached to the cup containing the fibula shaft. Its output was subtracted from the RVDT output to negate any rotational motion occurring in the universal joints or elsewhere in the load train during torque application. Controlled rotation of the distal fragment relative to the fibula shaft was applied at a rate of 1 degree/second until a peak torque of 2 Nm was attained. The peak torsional load was selected through preliminary empirical testing to determine a torque that would cause attrition among inadequately fixed specimens when applied repeatedly. Rotation was applied 2 times in each direction, and the applied rotation and induced torque were recorded at 250 Hz during the second load in each direction. Torsional stiffness was calculated from the torque-rotation relationship between 1.5 and 2.0 Nm of torque.
Cyclic loading comprising 998 oscillating internalexternal rotation cycles to the same peak torque were then applied while continuing to record torque and rotation data. A rotation magnitude of 10 degrees was deemed indicative of fixation failure, and the number of torsional load cycles tolerated up to that point was recorded for any specimens in which that amount of fracture site rotation occurred. The 1000-load cyclic loading regimen was established based on preliminary testing, indicating that it produced the desired effect of plate loosening in suboptimally fixed specimens. The fixation screws were not tightened at any point during torsion testing, as the aim was to induce loosening through the cyclic mechanical challenges. The number of specimens in each experimental group surviving without reaching the failure criterion of 10 degrees of rotation was documented at 100-cycle intervals and expressed as a percentage of the initial 10 specimens in each group. 
Statistical Methods
Bending stiffness and angulation were compared among the 4 experimental groups for each bending direction using analysis of variance (ANOVA) and Newman-Keuls post hoc tests. Statistical significance was set at P < .05. The degree of correlation between each mechanical measure and bone mineral density was determined using linear regression. Similarly, torsional stiffness and rotation at the initiation of cyclic torsional loading were compared between the experimental groups using ANOVA and Newman-Keuls post hoc tests, and correlations between the torsional loading measures and bone mineral density were established using linear regression.
Results
Fracture Site Angulation and Bending Stiffness
Angulation at the fracture site in each direction under the 1.5-Nm peak applied bending moment is summarized in Figure 7 . There was no significant difference in angulation between plates in any of the 4 bending directions. All plates except for the LCP showed greater deflection in the lateral bending direction than in the anterior, posterior, and medial directions (P range < .0001 to .015, depending on comparison).
The sagittal and coronal plane bending stiffnesses of each construct are reported in Figure 8 . There was no difference in stiffness between plates in any of the bending directions. Bending stiffness with lateral deflection of the distal fragment was lower than in the other bending directions for all 4 plates (P range < .001 to .010, depending on comparison), with only 1 exception: LCP medial bending stiffness did not differ from its lateral bending stiffness.
Fracture Site Rotation and Torsional Stiffness at Start of Cyclic Loading
Six of the 40 specimens failed grossly on the first internalexternal torsional load cycle and were not able to be tested further. Fracture site rotation in the 34 remaining specimens is summarized in Figure 9 . Two Sidewinder and 2 one-third tubular constructs exceeded 10 degrees of internal rotation by an average of 2.6 degrees but did not fail grossly and were included in the initial stiffness calculations. There was no difference in fracture site rotation between plate types. Internal rotation of the distal fragment relative to the shaft exceeded external rotation in 32 of the 34 specimens. The internal versus external rotation difference was significant for the Orthohelix (P < .001), Sidewinder (P = .022), and one-third tubular (P < .001) plates. Correspondingly, torsional stiffness in the internal rotation direction was lower in 30 of the 34 specimens. The initial stiffness is reported in Figure 10 . The internal versus external rotation stiffness difference was significant for the Orthohelix (P < .001), Sidewinder (P = .032), and one-third tubular (P < .001) plates.
Specimen Survival during Cyclic Loading
Only 5 specimens withstood all 1000 cyclic torsional loads without exceeding 10 degrees of fracture site rotation in either direction. Figure 11 graphically shows the progression of specimen failure in each experimental group through the duration of cyclic loading. All of the specimens that exceeded 10 degrees of rotation did so first in the internal rotation direction. Fixation failure was due primarily to loosening and toggling of the screws placed in the distal fragment, accompanied in approximately one-quarter of the specimens by fracture of the bone immediately adjacent to the interfragmentary augmenting screw.
Correlation of Mechanical Properties with Bone Mineral Density
The mean bone mineral density for the groups tested in bending was 0.535 (range, 0.234-0.763) g/cm 2 for LCPplated specimens, 0.533 (range, 0.292-0.887) g/cm 2 for Orthohelix MaxLock-plated specimens, 0.391 (range, 0.156-0.568) g/cm 2 for TriMed Sidewinder-plated specimens, and 0.476 (range, 0.278-0.656) g/cm 2 for one-third tubular-plated specimens. The Pearson correlation coefficient for each measure is reported for each group in Table 1 . The torsional loading portion of the table is based on the first load cycle of the cyclic loading, as the group sizes at the completion of cyclic loading were inadequate for statistical conclusions.
There was a positive correlation between bone mineral density and bending stiffness for all plate types, and a negative correlation between bone mineral density and the amount of angulation at the peak bending moment for all plates. The strength of the correlations was significant (indicated in bold in the table) for all plate types in the anterior bending direction. The Sidewinder and one-third tubular plates showed the most sensitivity to bone mineral density in their resistance to bending forces. The correlation between bone mineral density and torsional stiffness and rotation at the peak applied torque was weak and not statistically significant for any of the plates. There was no significant correlation between bone mineral density and the number of torsional loads withstood before reaching the failure criterion of 10 degrees of rotation for any of the plate types.
Discussion
While this study documented differences in plate performance, it did not clearly identify a superior plate because of dispersion in the data resulting from variables such as bone quality and the effectiveness of the interfragmentary screw in constructs that employed that augmentation. Particularly in lateral bending of the distal fragment and cyclic torsional loading, it was observed that, in the fixation constructs that used an augmenting interfragmentary screw (all except the TriMed Sidewinder fixation), a screw trajectory that provided both solid seating of the screw head in the proximal (shaft) fragment and secure engagement of the leading threads in the distal fragment was critical to the performance of the fixation. The apices of the bone on either side of the fracture line are delicate, especially in smaller and less dense bones, and placement of the screw near either apex typically resulted in fracturing of the bone adjacent to the screw or simple loss of thread purchase when the construct was placed under stress. This phenomenon was also reported by Minihane et al 11 in their laboratory comparison of antiglide plates and lateral plates for distal fibula fracture fixation. We believe that the inconsistent effectiveness of the interfragmentary screw was responsible for the large standard deviations in the lateral bending data (Figure 7) .
With all plate types, fixation failure during cyclic torsional loading was primarily the result of loss of engagement of the plate fixation screws in the distal fragment, which allowed rocking of the plate relative to the underlying bone. This failure mode has been described in previous laboratory studies of lateral plating for fibula fractures. 11, 13 Because of the less dense bone in this region of the fibula, particular attention to maximization of thread diameter and length for these screws is recommended in order to optimize fixation.
In addition to the primary goal of distinguishing performance differences among the plate designs, we examined the data for other phenomena that might be of potential use in designing plates to optimize their function for Weber B fracture fixation. The findings of consistent relatively low stiffness in lateral bending and internal torsional rotation identify weaknesses that may warrant addressing in future plate designs to maximize their performance in this application.
While there was a generally positive correlation between bone mineral density and the bending stiffness of the fixed fractures, the degree of correlation with all of the mechanical measures was limited and inconsistent. We have found this to be typical in a wide range of previous biomechanical studies involving fixation screw purchase that have been performed in our laboratory, in part because the group sizes typically are not large enough to encompass a wide and normally distributed range of bone qualities. 1, 4, 5, 14 Further, despite efforts to control as many surgical variables as possible, there were inevitable interspecimen differences in plate and screw location, screw tightness, and bony anatomy that introduced data variability. Consequently, this hampered the capacity of the calculated Pearson r values to accurately reflect correlations that might be evident if more specimens were tested. Further work quantifying the influence of bone quality on the performance of different designs of lateral fibula plates, along with research dedicated to optimizing the placement of interfragmentary screws, will be required before absolute rankings of plate effectiveness can be determined.
While a cost comparison is not within the scope of this study, a final consideration affecting plate selection for this application is that the one-third semitubular plate is less expensive than the other tested plates. However, the true cost is more complex because surgical time can vary depending on the plate system that is used. For example, it has been shown that operating room time for TriMed Sidewinder plate fixation of Weber B fractures can be shorter than for fixation with a one-third tubular neutralization plate augmented with an interfragmentary lag screw because the lag screw and associated dissection are not necessary due to the design of the plate. 3 There were several limitations to this study. It is acknowledged that the plated fibulae were not tested in an anatomic fashion. The mechanical challenges to which the plated fractures were subjected may not closely approximate those occurring in the fibula of a patient substantially protected from postoperative loading. The loading was designed to be of a magnitude that would elicit performance differences between the respective plates, and the applied bending and torsional loads may have exceeded those that typically exist postoperatively in a compliant patient. In vivo loading magnitudes are simply unknown and undoubtedly variable depending on patient compliance, weight, and activity.
Last, there may not be a strong correlation between plate fixation stiffness and clinical outcome, as the majority of these fractures heal uneventfully regardless of plate used. The extent to which the experimental observations predict the clinical performance of the respective plates will be known only after sufficient clinical reports on the use of each plate become available.
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